The low-energy structure of 231 Ac has been investigated by means of γ ray spectroscopy following the β − decay of 231 Ra. Multipolarities of 28 transitions have been established by measuring conversion electrons with a mini-orange electron spectrometer. The decay scheme of 231 Ra → 231 Ac has been constructed for the first time. The Advanced Time Delayed βγγ(t) method has been used to measure the half-lives of five levels. The moderately fast B(E1) transition rates derived suggest that the octupole effects, albeit weak, are still present in this exotic nucleus.
Introduction
Since the observation of low-lying K π =0 − bands in doubly even radium nuclei [1] the possibility that some nuclei can be described by a mean field approach with broken reflection symmetry has been considered [2] . Numerous experimental and theoretical discoveries were done in the 80's providing extra evidence of reflection asymmetric octupole deformation around A=225 [3] . Many of these nuclei have been studied at ISOLDE in beta decay experiments [4] . In odd-A nuclei an important feature of static octupole deformation is the observation of parity doublets, i.e. rotational bands lying close in excitation energy with the same intrinsic parameters and spins, but opposite parity.
A survey of the available data for odd-A nuclei reveals that the largest amount of octupole correlations is present in the Ac and Pa nuclei. In particular for the odd actinium isotopes near A = 225 spectroscopy studies have been done in α decay ( 219−225 Ac), β decay ( 225−231 Ac) and reactions (see [5] and references therein). The high spin states of 219 Ac observed in heavy-ion fusion reactions [6] have been described using small quadrupole and octupole deformation components β 2 = β 3 = 0.05. The nucleus 221 Ac was predicted as a good example of octupole instability with the K = 5/2 and K= 3/2 band heads calculated to be very close in energy. Experimentally two bands were found [7] with the same angular momentum, opposite parity and an average difference of 44 keV between equivalent members of the doublets. This fact suggested parity doublets but the differences in intrinsic dipole moment (D 0 ) values indicated that the two bands originate from different orbitals. The low-energy spectra of 223, 225 Ac display the K=3/2 and K=5/2 parity doublets [3, 8] . In 227 Ac only the K=5/2 parity doublet band, observed at 300 keV excitation energy, can be described in terms of static octupole deformation. In the case of 229 Ac the four K=1/2 ± and K=3/2 ± bands observed in (t,α) reactions [9] are interpreted either as normal Nilsson levels or by assuming a weak octupole coupling, β 3 = 0.07 [10] . In summary, the low energy properties of the 223,225,227 Ac isotopes have been accounted for using the reflection asymmetric rotor-plus-quasiparticle model [10] and, in this context, the 219,229 Ac isotopes have been described as shape transitional nuclei.
The study of transitional nuclei in the upper border of this octupole deformed region is of relevance to understand the interplay of octupole and quadrupole collectivities. In transitional nuclei the mechanism of grouping rotational bands differs from that of parity-doublets in nuclei with stable octupole deformation. Two intrinsic states (or rotational bands) with a given K and opposite parity have strong octupole correlations, if the dominant one-quasiparticle component of the first partner coupled to the octupole phonon of the core forms the largest collective component in the structure of the second partner and vice versa. Experimentally one observes an enhancement of the E1 strength for the parity pair partner bands.
With this aim the IS322 collaboration at ISOLDE-CERN has carried out a systematic investigation of the heavy transitional Fr -Th nuclei, for which scarce spectroscopic information was available. These experiments have provided the first information on the absolute values of B(E1) in this octupole transitional region. Relatively large B(E1) rates have been measured indicating the presence of octupole correlations in 227 Fr [11] , 229 Ra [12] and 229 Th [13, 14] . Much weaker but still noticeable are the correlations in the heavier 231 Ra [15] and 231 Th [16] isotopes. We report here on the structure of their isobar, 231 Ac.
Actinium-231 was first produced by bombarding 232 Th with 14-MeV neutrons [17] . Its half-life was then measured to be 7.5 ± 0.1 min and the strongest γ rays into 231 Th were identified. The proton pickup (t,α) reaction was used to investigate the structure of 233 Pa and its isotone 231 Ac [9] . In the case of 231 Ac the lack of information from beta decay caused that the band assignments from the experimental cross sections were only based on a comparison to those assigned to the isotone 233 Pa. A later study, and the only previous investigation where the β − decay of 231 Ra has been reported [18] , assigned six gamma lines to 231 Ac. From their time behaviour a half-life of 103(3) s was obtained for 231 Ra, but no attempt to build a level scheme was made.
In this paper the low-energy structure of 231 Ac fed in the β − decay of 231 Ra has been investigated by γ-γ and γ-e − spectroscopy. Multipolarities of 28 transitions have been established by measuring conversion electrons with a miniorange electron spectrometer. The decay scheme of 231 Ra → 231 Ac has been constructed for the first time. The Advanced Time Delayed βγγ(t) method [19] has been used to measure the half-lives of several levels. The deduced B(E1) rates are used to infer the possible presence of octupole correlations in the 231 Ac nucleus.
Experimental Setup
The study on the 231 Ac structure is based on two sets of measurements performed at the PSB-ISOLDE on-line mass separator [20] . In both experiments, a 1 GeV proton beam from the CERN PS-Booster bombarded a UC 2 -C target, producing via spallation reactions the A=231 isobars. In the first experiment the excited structure of 231 Ac was populated directly from the β decay of 231 Ra with an estimated production of 4×10 3 atoms per µC. In the second experiment a Ta(Re) surface ionizer was employed, favouring the ionization of Fr, and 231 Ac was populated through the decay chain of 231 Fr → 231 Ra → 231 Ac [15] , with an estimated yield of 7×10 4 231 Fr ions per µC. The produced ions were accelerated to 60 kV and mass-separated before being collected onto a magnetic tape transport system which connected two independent but simultaneously operated measurement stations.
The radioactive beam was deposited in the centre of the fast timing station specially designed to measure the half-life of excited states in the nanoand pico-second range by the Advanced Time Delayed (ATD) βγγ(t) method [19, 21, 22] . The setup of this station consisted of a 3 mm thick NE111A plastic scintillator positioned behind the tape at the collection point and used as fast-timing β-detector. The thickness was chosen to have an almost uniform response to the different β energies. A 2.5 cm thick BaF 2 scintillator was used as fast-timing gamma detector. In addition, there were two HPGe detectors with relative efficiencies of 70 % and 40 %, respectively, and energy ranges from 30 to 1500 keV. They were used to provide a unique selection of the γ decay branch in the βγγ(t) method and to study γγ coincidences in order to determine the level scheme. A detailed description of the setup is given elsewhere [15] . Up to seven parameters were recorded simultaneously for each event, namely the β energy and up to three γ energies plus the time differences between the β signal and a given coincident γ event. The energy and efficiency calibrations of the gamma detectors were determined using a The A = 231 sample was transported one meter away by the tape to the conversion electron station specially designed for gamma identification and electron conversion measurements. It consisted of an electron spectrometer, a gamma telescope and a β detector.
The electron spectrometer incorporated a mini-orange filter [23, 24] and a 2 mm thick Si(Li) detector with an active area of 300 mm 2 and 1.9 keV energy resolution at ∼100 keV. The detector was cooled to liquid nitrogen temperature by means of a copper cold finger. For the mini-orange filter a first set of permanent magnets was carefully shaped according to the design of van Klinken and Wisshak. A relatively high transmission of 1.8 % of 4π was achieved, but over a small energy range. Thus the set of magnets finally chosen had a lower (≃0.5%) but more uniform transmission over a broad range of energies (∼25 − 800 keV). This set consisted of three equally spaced rectangular magnetic plates of 50 x 20 x 5 mm 3 , with the largest dimension oriented radially. Measurements with different mini-orange and detector positions showed that the transmission maximum was achieved with de Si(Li) detector at 150 mm from the source and the mini-orange approximately midway between the source and the detector. A central lead absorber was used to shield the detector from direct X-rays and γ rays.
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The gamma telescope consisted of a 19.5 cm 3 planar HPGe followed by a 20 % coaxial HPGe, both in a single cryostat behind a 300 µm beryllium window. The FWHM energy resolution varied from 0.4 keV at very low energies up to 1.4 keV at E γ =560 keV for the planar detector, and between 1.3 keV at E γ =137 keV and 2.5 keV at E γ =1836 keV for the coaxial detector. Special care was given to detect low energy γ rays with the limit of sensitivity in the planar detector being 4 keV in single events and about 12 keV in coincidence events. The Ge-escape peaks of the main L X-ray components of Ra, Ac and Th from 4.9 to 6.7 keV are clearly identified. This blurs unfortunately the possible contribution of any low energy gamma lines. The L X-rays from 241 Am have allowed to extend the efficiency calibration down to 13.4 keV. Moreover, β-gated γ ray singles spectra were also recorded with the coaxial Ge detector. For beta-gating, a NE102 plastic scintillator was placed outside the chamber in front of the gamma telescope. Simultaneously to the gamma spectra, conversion electron singles spectra were measured with the electron spectrometer. By dividing the acquisition time into 8 consecutive subgroups, γ multispectra from the planar Ge detector, the β-gated coaxial Ge detector and the electron detectors were also recorded allowing time evolution studies. The e − and γ signals were also recorded in list-mode allowing for an identification of γ lines in coincidences down to 12 keV. The energy and efficiency calibrations for these detectors were obtained using sources of 133 Ba and 152 Eu, and the practically summing-free mixed source previously described. Singles spectra from the planar detector as well as electron and β-gated γ singles spectra for the coaxial HPGe were collected in the conversion electron station. Data were collected in three different modes of operation. In the first two, measurements were conducted simultaneously at the two stations, i.e. while a sample was measured in the conversion electron station a new one was collected at the fast timing one. The time cycle was chosen to enhance the nucleus activity of interest in the isobaric chain. The time interval had to be slightly shorter than a multiple of the proton supercycle from the CERN PS-Booster. In the first experiment the cycles were chosen as 17 s and 190 s, and in the second one as 26 s and 200 s, respectively, to enhance the decay of 231 Fr (T 1/2 = 17.5(8) s) and 231 Ra (T 1/2 = 103(3) s). In the third mode of operation the tape was stopped, and the beam was continuously deposited at the collection point in order to enhance the decay of 231 Ac to 231 Th (T 1/2 = 450 s). The data acquisition was divided in 8 subgroups of equal time intervals for gamma assignment and half-life determination. In the first experiment about 7000
231 Ra ions/s were transmitted to the setup at the fast timing station. The average count rate in the beta detector was about 100 counts/s in the short cycle and 1350 counts/s in the long cycle. Both cycles were used for the present analysis, with a total of 425 Mb of list mode data over 33 hours. In the second experiment up to 110000
231 Fr ions/s reached the fast timing station. The average count rate in the beta detector was ∼8000 counts/s in the short cycle. In the long cycle the beam intensity was reduced to limit the 5 count rate in the beta detector to 10000 counts/s. Only data from the long cycle has been used for the present analysis, with 5 hours of data taking. The results on 231 Ra and 231 Th have been reported in [15] and [16] , respectively.
Experimental results
In the present study, the results on the decay of 231 Ra to 231 Ac are based on the data collected with the long cycles. The intensity ratio of the gamma lines between the short and long cycles has helped to identify the low intensity gamma transitions. The most intense γ transitions have been assigned to the decay of 231 Ra by comparing their temporal behaviour to that of the 231 Ac X-rays. The fifteen most intense γ transitions have been used to deduce the half-life value. The weighted mean value of the half-life is 104.1(8) s in good agreement but more precise than the previous value [18] . For more details of the analysis see [25] .
3.1 γ ray singles and γ-γ measurements Fig. 1 shows the low energy gamma spectrum recorded in the planar detector at the conversion electron station. Notice that the sensitivity of the detector reached below 5 keV of energy. The aim was to identify the expected low energy transitions as proposed to exist in the 2p-2n neighbour 227 Fr [11] . The peaks observed between 4.8 and 6.4 keV have been identified as the K α and K β escape peaks in germanium of the most intense L X-ray components of Ac and Th. These low energy peaks are about 10-12 % of the L X-ray assuming that the relative variation of efficiency in this energy range is the same, and that the efficiencies at these very low energies followed the curves given in [26] . The lines marked with an asterisk belong to the decay chain of the A=231 molecule 212 RaF observed mainly in the data of the second experiment.
The gamma transitions belonging to the β decay of 231 Ac are listed in Table 1 , the energies of the γ transitions are the average of the values obtained in the two experiments. The uncertainties in the intensity values were calculated as a weighted mean of the statistical errors and the error in the efficiency curve. The latter one was estimated to be 10 % for the planar detector up to energies of 40 keV and 6 % for higher energies. The uncertainties of the efficiency curve of the coaxial detector are estimated to be 5 % up to 205 keV and 3 % for higher energies. Profiting from the good resolution of the planar detector (0.4 keV at 6 keV and 0.5 keV at 54 keV) some transitions could be only separated in this detector, in these cases the intensity was taken from the planar detector only. Summing of the K X-rays with the most intense γ lines was observed in the planar detector. The summing contribution was estimated to be 1.2(2) % from the intensity of the peaks observed at 145.05(10) and 168.72(8) keV in comparison with the individual intensities of the K X-ray and the 54.29 and 77.97 keV γ rays. These low intensity peaks were not observed in the coaxial 20 % HPGe detector placed behind the planar detector. Therefore we consider the relative intensity given in Table 1 Table 1 . The 54.29 keV transition has been chosen for the normalization, since the most intense one at 205 keV is a doublet as clearly observed in the coincidence study.
Some γ lines could only be observed or separated in coincidences and therefore their relative intensity was obtained from coincidences and marked with a footnote in Table 1 . The values obtained were compatible with the expected values in singles. When the peaks are doublets with γ lines belonging to the decay of an isobar or a contaminant, the extra contribution has been subtracted and specifically indicated with a footnote. In Table 1 , the γ transitions, their energies, intensities, the criteria used for the identification, γ transitions seen in coincidences and placement in the level scheme are given. A careful study of the shape of the 205 keV peak has been done in the planar detector, where the FWHM at this energy is of 0.7 keV. The least square fit to two peaks indicates that their energies are at maximum 0.2 keV apart with intensities of 40 % and 60 % for peaks with centroids at 204.79 and 205.00 keV, respectively. In the projection of the γ-γ coincidence matrix a comparison of intensity of the 205.00 and the 198.18 keV γ lines both de-exciting the 266.76 keV state has given a relative intensity for this component of 60% of the total gamma intensity in good agreement with the value deduced from singles.
The β gated γ-γ coincidences were collected at the first station and sorted offline. There are intense low energy transitions in 231 Ac coincident with many strong γ lines, see, for instance, the γ spectrum coincident with the 54.29 keV transition displayed in the upper part of Fig. 2 . The spectrum shown is a sum of the reciprocal projection placed in both HPGe detectors of the first station. As the threshold is different for these two detectors, the summed projection is only reliable at energies higher than 30 keV. For comparison the bottom part of Fig. 2 shows the electron coincidence spectrum gated on the 54.29 keV γ line seen in the planar detector (for γ-e − coincidences see section 3.2). Column 7 of Table 1 lists the strong γ-γ coincidences observed in the present measurements; weaker but still convincing coincidences are given within parenthesis. The conversion coefficients were obtained from the simultaneous measurement of gammas and conversion electrons at the second station. The analysis was done using the data from the long cycle, where the conversion electrons of the 66.2 keV transition in 231 Ra that clearly dominate the electron spectrum in the short cycle (see Fig. 4 of ref. [15] ) are not visible. The electron spectrum obtained using the long cycle measurement time is shown in Fig. 3 . The main electron lines correspond to the K components of the 221 keV M1 transition in 231 Th and the 204.79 keV M1 transition in 231 Ac.
The conversion coefficient values were obtained using the transmission function curve of the mini-orange spectrometer, determined by internal calibration with the conversion coefficients of the transitions in 231 Th [27] . When an electron peak corresponds partially to conversion electrons of 231 Ac that overlap with the ones of a line in 231 Th, the latter contribution has been corrected for by using the known conversion coefficients for transitions in 231 Th [27] . The internal conversion coefficients obtained in this work, the theoretical values from [28] and the multipolarities established for the transitions in 231 Ac are presented in Table 2 . The total conversion coefficient, α T , needed to calculate the intensity balance has been deduced from the experimental conversion coefficient values in the following way. If only one or two of the partial conversion coefficients are extracted from the data and they are sufficient to determine the multipolarity (Xλ) of the transition, we deduce α T (exp)= α i (exp)α The conversion coefficient for the doublet at 205 keV has been obtained in the following way. As previously explained we obtained an α K value of 1.77 (24) for the 204.79 keV transition from γ-γ-coincidences corresponding to an M1 multipolarity. This value almost exhausts the full electron peak observed for the K component. Knowing the M1 character of the 204.79 keV transition, we have used the theoretical conversion coefficient to extract its contribution to the electron spectrum and from that we estimate the contribution of the 205.00 keV transition to the electron spectrum. The extracted conversion coefficients given in Table 2 have large error bars, but clearly exclude the M1 multipolarity for the 205.00 keV transition.
The coincident events involving γ rays in the planar Ge detector and conversion electrons in the mini-orange spectrometer have allowed us to identify low energy transitions. The e − -γ coincidences have also been used to identify to which nucleus the converted gamma line belonged by studying the coincident X-rays in the planar detector.
Level lifetime measurements
The Advanced Time Delayed (ATD) βγγ(t) technique detailed in [19, 21, 22] has been used to measure level lifetimes in 231 Ac. This method involves triple coincidences of β-BaF 2 -Ge events. The timing information is provided by the coincidences between the fast-timing β and γ (BaF 2 ) detectors, while a coincidence with one of the two Ge detectors permits to univocally select the desired decay branch. Two different analysis methods are applicable, depending on the lifetime range of the level of interest. Long lifetimes, observed as slopes on the time-delayed tail of the time spectra, are measured by the shape deconvolution method [19] . For lifetimes in the sub-nanosecond regime the centroid shift technique is used. Both methods can be applicable in some cases. Three calibration curves are essential for the centroid shift measurements. The prompt curve describes the timing response of the BaF 2 detector as a function of the energy of the full-energy peak from an incident γ ray. The time response curve provides the time response for the complete energy spectrum generated by a monoenergetic transition; and, finally, the Compton correction curve corresponds to the time shift between Compton events of the same energy but originated by prompt primary γ rays of higher energies. The first two curves were obtained off-line at ISOLDE using a pre-calibrated source of 140 Ba → 140 La → 140 Ce prepared at the OSIRIS fission product separator at Studsvik in Sweden [29, 30] . The measurement of the Compton correction curve and a more exhaustive calibration of the prompt curve were performed on-line at OSIRIS using a variety of beams while preserving, as much as possible, the experimental geometry used at ISOLDE. Preliminary results of the lifetime values are given in [31] .
• Lifetime of the 116.02 keV level
The slope-fitting method has been used to determine the lifetime of the 116.02 keV level. A clear asymmetry is observed in the time spectrum obtained as a projection onto the BaF 2 -Ge fast time difference signal of the 54.3 keV transition selected in the BaF 2 detector and the 299.10 keV selected in the Ge detectors. Due to the low statistics of this time spectrum, it has been successively compressed in order to increase the statistics and make use of a more convenient χ 2 fit. An average value of T 1/2 = 14.3(11) ns has been obtained. The error bar takes into account the systematic error due to the use of a χ 2 fit for a Poisson distribution and any possible deviation of the prompt time response from a Gaussian shape. As an example we show in the panel (a) of Fig. 4 the BaF 2 energy spectrum projected from the β-Ge-BaF 2 data (the gate in the Ge spectrum on the 299.10 keV line) and in the panel (b) of Fig. 4 the slope fitting of the fast-timing spectrum gated on the peak at 54.29 keV in the BaF 2 and compressed by a factor of 30.
• Lifetime of the 160.73 keV level When gating on the 254.57 keV transition in the Ge detector spectrum and on the 54.29-77.97 keV group in the BaF 2 spectrum, the centroid shift of the time spectrum is equal to τ 0 + τ 415 + τ 161 + τ 116 where τ 0 is the prompt position, and τ 415 , τ 161 and τ 116 are the mean lifetimes (τ = T 1/2 / ln 2) of the 415.31, 160.73 and 116.02 keV levels, respectively. A reference time spectrum obtained by gating on the 299.10 keV transition in the Ge spectrum and on the 54.29-77.97 keV region in the BaF 2 spectrum has a centroid shift equal to τ 0 + τ 415 + τ 116 . The difference between these two centroid shifts has been measured to be τ 161 < 1298 ps, which yields T 1/2 < 900 ps for the half-life of the 160.73 keV level.
• Lifetime of the 238.01 keV level The double γ ray cascade 247.65-232.71 keV was used for the determination of the half-life of the intermediate level at 238.01 keV. We observe a centroid shift between the projected β-BaF 2 (t) time spectrum obtained by selecting one transition in the BaF 2 detector and the other in the Ge detectors and the one obtained by inverting the gates. This centroid shift directly provides the value of the lifetime of the 238.01 keV level. In this special case, there is no need to know the prompt position as it cancels out when calculating the difference between both centroid positions. The measurement gives a value of T 1/2 = 57(11) ps for the 238.01 keV level.
• Lifetime of the 266.76 keV level The two analysis methods, the deconvolution of the slope and the centroid shift have been employed to measure the half-life of the 266.76 keV level.
In the hereinafter discussion of the centroid shift analysis method, we adopt the following notation. If we consider a cascade of two gamma lines γ 1 and γ 2 , where the Ge detectors are gated on the first transition γ 1 , while a second gate on γ 2 is applied to the BaF 2 detector, the time spectrum obtained by the projection onto the fast TAC will be labelled by 
where τ 267 is the mean lifetime of the 266.76 keV level. The difference of the two centroid shifts is then
The value of B is estimated from the analysis of the sum of the 205.0 keV gate projections onto the Ge detectors. B is given by the ratio of the area of the 205.00 keV singlet and the sum of the areas of the 192.00, 198.18 keV peaks and the 205.0 keV doublet. This is so because the corresponding peak in the BaF 2 detector includes all these contributions. We deduce a value of 69(7) % for B. This gives a value of T 1/2 = 89(11) ps for the half-life of the 266.76 keV level.
For the slope fitting analysis method, we had to generate a time-delayed spectrum "free" from the influence of the 471.60 keV level lifetime. In the same manner as for the centroid shift, this has been achieved by subtracting the projected time spectra from the and [198] [199] [200] [201] [202] [203] [204] [205] cascades, where the latter was corrected to account only for the contribution of the 266.76 keV level lifetime. From the deconvolution and fitting of this time spectrum, we obtain a value of T 1/2 = 85(29) ps as the average of the half-lives from the last and more compressed spectra. This value is consistent with 89 (11) ps obtained from the centroid shift method. We adopt a value of T 1/2 = 90(20) ps for the half-life of the 266.76 keV level.
• Lifetime of the 471.60 keV level The slope fitting of the time spectrum obtained when selecting the 198.18 keV line in the Ge detector and the 204.79 keV transition in the BaF 2 deexciting in cascade the 471.60 keV level, allowed to obtain an upper limit for the lifetime of this level. By averaging over various values obtained from the fitting of time spectra with different compression factors, we obtain a value of 54 ps as a conservative upper limit for the half-life of the 471.60 keV level.
Decay scheme
The level scheme of 231 Ac adopted in this work is shown in Figs. 5-a, 5-b and 5-c. The level scheme includes 38 excited states covering about half of the Q β energy window, see Table 3 . A certain γ transition is assigned to the decay if it fulfills at least one of the following criteria: i) the time behaviour of the intensity follows the value of the β decay half-life, ii) for the very low intensity lines, the γ line is assigned if the ratio of intensities for the short and long cycle is the same as the one obtained for the intense transitions already assigned, iii) it is seen in γ-γ coincidences or iv) it is seen in e − -γ coincidences with a transition already assigned. In this way more than one hundred transitions have been placed in the level scheme, with less than 2 % of total intensity not being included in the level scheme. For the majority of the transitions in the decay scheme the measured energy is within 0.35 keV of the energy differences of the initial and final state. Total intensities were calculated using the determined total conversion coefficient as explained in the subsection 3.2. For the less intense transitions, whose conversion coefficients could not be experimentally determined, the lowest conversion coefficient value compatible with the parity of the two connecting states was adopted in most of the cases The information available on the 231 Ac levels prior to the present work comes from the 232 Th(t,α) 231 Ac reaction study [9] , where 17 levels were identified. The ground state of 231 Ac was assigned as the I = 1/2 member of the 1/2 + [400] band in agreement with the predictions of the Nilsson model. The level assignment was based on the comparison of the differential cross section estimates and experimental values. The calculation of the differential cross section used Nilsson wave functions with pairing and Coriolis effects included. The deformation parameters ε 2 and ε 4 were treated as free parameters to reproduce the observed levels resulting in ε 2 = 0.24 and ε 4 = -0.02. The two main conclusions of the (t,α) work [9] relevant for our study are the assignments of the ground state as the 1/2 + [400] band head and the 235(4) keV state as the 3/2 + [402] band head. Both states are observed in our work and used to deduce the parity of the other levels established in this β decay work up to 600 keV in excitation energy.
Recently deep inelastic one-proton transfer studies on 137 Cs produced by the 232 Th+ 136 Xe reaction [32] gave two extra bands tentatively assigned to 231 Ac, since 231 Ac is expected to be produced in this type of proton transfer reaction as the main reaction partner of 137 Cs. In this work Ac X-rays and several γ lines, grouped in two bands with energies between 100 and 500 keV, were observed. These bands were proposed to be the two-signature branches of a K=1/2 rotational band, as observed in 239 Pu. One of the bands was firmly proposed to be part of the ground state band of 231 Ac with the 163.3 keV transition assumed to connect to the ground state and as such it has passed to the literature [32, 33] . In our work we observe a weak γ line of 163.02 keV, but its relative intensity with respect to the main γ transitions in 231 Ac changes by a factor of two when the time of the cycle is changed. So it was not assigned to the decay scheme. As none of the γ lines of band A of ref. [32] is observed in our work we conclude that they probably connect high spin states not fed by β decay.
We identify most of the low energy levels seen in the (t,α) study although our scheme is richer. The starting point for parity assignment are the positive parity ground state and the 3/2 + state at 238.01 keV characterized in the reaction work [9] . We assume that the β feeding to the ground state is negligible, since this is a ∆I = 2 and ∆K = 2 transition from the I π = 5/2
231 Ra ground state [15] . For the logft-value calculation [34] a Q β value of 2306(102) keV is used together with the half-life value of 104.1(8) s obtained in this work. The Q β value is derived from the 231 Ra mass measurement (∆M = 38226(19) keV) [35] and the value given in [36] for the 231 Ac mass (∆M = 35920(100) keV). A summary of the beta feeding and logft values for the different states is given in Table 3 . The β feedings compatible with zero are not given.
The low energy part of the level scheme is based in the γ-γ coincidence observed between the 37.8 keV and the 77.17 and 77.97 keV γ doublet and the 54.29 keV and the 56.50 keV γ transitions. The latter has also been observed in e − -γ coincidences.
The levels observed in this β decay study are compared with the quasiparticle states and energies obtained from a self-consistent deformed Hartree-Fock calculation [37] with the Skyrme force SLy4 [38] and pairing correlations. The BCS approximation was used with constant pairing gaps for protons and neutrons of ∆ p = ∆ n = 0.8 MeV. The self-consistent deformation in 231 Ac is found at β 2 = 0.22 with K π = 1/2 + as the ground state. The deduced single particle energies place the band heads
. This calculation does not include any Coriolis mixing between orbitals coming from the same shell, needed to explain the low energy structure observed in 231 Ac and other nuclei of the same region, but it gives an idea of the ordering of the bands. The excitation energy systematics of some of these bands in the neighbourhood of 231 Ac are shown in Fig. 6 . The band assignments for 231 Ac obtained in the reaction work [9] are also displayed. Although the knowledge on the excited structure of the isotones of Ac and Pa in this region is reduced with little overlap, the comparison indicates that the systematics of excitation energy for the 1/2 + [400] band observed in [39] can be extended to the 3/ In the following the states established up to 550 keV excitation energy are discussed. The more speculative level assignments are described at the end of the section.
The ground state level. The lowest level observed in the experiment is assumed to be the ground state. It is fed by low energy transitions such as the observed γ lines of 18.44 and 37.8 keV and several transitions of high energy and intensity that have not been observed in coincidences, such as the 372.30, 498.20 and 513.00 keV γ lines. As discussed above, both theoretical predictions and experimental findings agree in the assignment of I π = 1/2 + for the ground state. In the (t,α) reaction the most populated level is the 1/2 member of the 1/2[400] band which appears at zero energy [9] . But as indicated by the authors, the high density of levels in this mass region leads to a situation, where some peaks in the (t,α) spectra are unresolved multiplets, making the interpretation more difficult. In fact the energy resolution in the (t,α) work [9] was around 18 keV and in our study several The level at 37.95 (15) keV is fed by several γ transitions and de-excited by the 19.64 and 37.8 keV transitions. The latter has only been observed in coincidence with the 77.17+77.97 keV doublet, connected through the 44.6 keV M1 transition. In fact the intensity of the 37.8 keV transition given in Table  1 has been extracted from the comparison with the intensity of the 44.6 keV transition observed simultaneously in the coincidence spectrum. The 38 keV level was identified by Thompson et al. [9] as a doublet due to the width of the observed peak (energy resolution ≃ 18 keV) and the comparison of the experimental and the calculated 232 Th(t,α) 231 Ac differential cross section for the different excited states. To explain the high value of the experimental differential cross section the contribution of the I=3/2 member of the 1/2[530] band was assumed to be very close in energy. In this work we have no indications of the double character of the 38 keV state, as the 37.8 keV transition has only been observed in coincidences with the 77.17+77.97 keV doublet. Furthermore we have not succeeded to place another level nearby without great rearrangement of the level scheme. The mixing of M1/E2 character of the 37.8 keV γ line can balance the in-out γ intensity (α T = 900(80)). Table 2 . The parity of this level is defined by the 54.29 E1 transition connecting it to the negative parity state at 116.02 keV excitation energy. As we will discuss later, we favour for this level a spinparity assignment of I π = 3/2 + . One should notice that the band head of the 3/2[651] band is assumed to be the ground state of the two-neutronless Ac isotope, 229 Ac [9, 39] , and is located at 86.48 keV in the isotone 233 Pa (see Fig. 6 ). Fig. 6 ). This level has been observed in 233 Pa at 454.4 keV and at 336 keV in 229 Ac. This is the lowest state for which an appreciable beta feeding is found from the in-out intensity balance. − is more favourable. The beta feeding to this level is smaller than the error bar, so no value is given in Table 3 . .57 keV to the 415.31 keV level. Therefore the latter should also be of negative parity and spin value of either 3/2 or 5/2. This level has a beta feeding of 5(2) %, giving a logft of 6.7 (see Table 3 ). There is a level identified in the reaction work [9] at 420(6) keV, but no band assignment was given to this state. ) with a state of the same K. Strong beta feeding up to 90 % to levels of opposite parity but with the same K is rather common in this region, see [15] Table 3 ) we assume the 531.00 keV level to be the 5/2 member of the 5/2[642] band.
Other levels A level at 94(3) keV was identified in the reaction work [9] . It was assumed to be the 7/2 member of the 1/2[530] band. In our work we had identified a transition at 96.01 keV. If this transition is the one de-exciting the proposed level, the spin of the state cannot be so high. There is a weak γ line of 141.88 keV that could feed this state from the 238.01 keV level and explain the coincidences between the 96.01 and 247.65 keV transitions. Energetically a transition from the 266.76 keV state could be also identified. We tentatively include this state in the level scheme but not in the band assignment shown in From the coincidence studies we could not decide the ordering, so the level could be placed either at 137.00 or at 245.78 keV excitation energy. The M1+E2 character of the 129.76 keV transition gives negative parity to this new level. The reaction studies [9] propose a level at 135(3) keV as the 13/2 member of the 3/2[651] band. To avoid strong β feeding to a level originally assigned as a high spin state, we chose the placement of this state at 245.78 keV. This placement is more consistent with the absence of γ transitions to lower positive parity states. It is difficult to understand how a 13/2 state could be populated from a 5/2 + state in β decay as some β feeding is assigned to this intermediate level.
The 372.30(10) keV level has been tentatively placed in the level scheme connecting the 372.27 keV E1 transition to the ground state and the 256.79 keV weak transition to the 116.02 state. Therefore this level would be of negative parity. No level at this energy has been observed in the 232 Th(t,α) reaction work [9] . Plausible spin assignments for this state are 1/2 − or 3/2 − and due to the measured β feeding we favour 3/2 − . Other levels placed at 449.53, 478.30 and 498.20 keV excitation energies have been established to account for strong γ transitions for which no coincidences have been found. In all cases several other weaker transitions could be placed to strengthen the assignment. For higher excited states the parity could not be determined.
A summary of the properties of the levels in
231 Ac is given in Table 3 . For each level tentative spin and parity assignments as well as beta feeding, logft values and half-lives are listed. Due to the density of low lying states and the absence of multipolarity determination for the low energy transitions, the beta feeding and logft values in Table 3 should be taken with caution.
Discussion
Möller et al. [43] have tabulated the atomic mass excesses and nuclear ground state deformation for most of the known nuclei. The calculated Q β for 231 Ra is 2.56 MeV in reasonable agreement with the experimental value, 2.30(10) MeV. They predicted for the parent 231 Ra and the daughter 231 Ac the same quadrupole deformation, β 2 = 0.207, and no octupole deformation for any of them. Nevertheless moderately fast B(E1) rates connecting the lowest-lying K π = 5/2 ± and K π = 1/2 ± bands were found in 231 Ra revealing the persistence of octupole collective effects [15] . Therefore it is interesting to investigate if some octupole collectivity is present in 231 Ac.
Rotational bands
The spin of the parent, 231 Ra, is assigned to be 5/2 + in ref. [15] We could have more similarities with the two-protonless isotone 229 Fr, but no information is available for this nucleus. The two-proton-two-neutronless neighbour, the 227 87 Fr 140 nucleus, has been studied by β decay [11] and the spins and parities of the parent and the daughter are the same as in the case under study.
The band structure of 229 Ac has been described fairly well both considering quadrupole deformation plus Coriolis coupling as done in the reaction work [9] or small octupole deformation [10] . The agreement was better when the octupole deformation term was included. The lowest states were assumed to be part of the K = 3/2 ± and the K = 1/2 ± parity doublet bands. A second K = 3/2 ± parity partners band is identified between the K= 3/2 + at 336 keV and a second K= 3/2 − which 3/2 − band head was calculated to lie at 366 keV [45] . The band structure of the isotone, 233 Pa, is explained considering quadrupole and Coriolis coupling exclusively.
The ground state and the observed 38 keV state are assigned as the 1/2 + and 3/2 + members of the 1/2 + [400] band based in the findings of the reaction work [9] . Assuming that the moment of inertia parameterh 2 /2ℑ has a value around 4-6 keV typical of this region, we expect the 5/2 + member to be below the 3/2 + , between 15-34 keV excitation energy according to the relationship [44] E I,rot = ε 0 + h
(−1) [9, 39] , and is located at 94.66 keV in the isotone 233 Pa. The first excited member of this band is located 5 keV above the band head in 229 Ac and 8 keV above in the isotone 233 Pa. So we favour the assignment of the 68.57 keV state as the first excited state of the band although the 74.75 keV state cannot be completely excluded. The 9/2 and 13/2 members of this band were assigned in [9] as the states at 76(5) and 135(3) keV excitation energy, respectively. As already discussed, if the 76(5) keV state corresponds to the 74.75 keV state determined in this work, it is very unlikely that the spin of the state is so high. Assuming that the 61.73 and the 68.57 keV states are the 3/2 + and 5/2 + members of the band the 13/2 member is expected at 125 keV consistent with the findings of the reaction work [9] .
We assume that the level placed at 238.01 (15) keV is the 235(4) keV state identified in the (t,α) reaction work [9] and assigned as the band head of the 3/2[402] band. The excitation energy of this band has a behaviour with respect to the neutron number similar to the one of the 1/2[400] band that becomes the ground state in 231 Ac (see Fig. 6 ).
The assignment of the 266.76 keV state is rather complicated. It is connected by very intense E1 transitions to the 61.73 and 68.67 keV states assumed to be the band head and the 5/ A summary of the tentative band assignments as discussed above is given in Fig. 7 .
Reduced transition probabilities
The decay scheme shown in Figs Table 4 . The B(E1) transition rates range from 5×10 −6 to 2×10
The presence of octupole phonon components enhances the E1 rates between members of parity partner bands. Typical B(E1) values for enhanced E1 transition between K = 3/2 ± member are, in this region, around 10 −4 e 2 fm 2 , whereas B(E1) values for nuclei from a region without octupole collectivity are much slower below 10
−5 e 2 fm 2 , see [14, 16] . Strong mixing between bands is indicated by the fact that no clear differences appear between B(E1) values for transitions connecting the parity partner bands (intraband transitions) with those connecting opposite parity bands with different K (interband transitions). This effect has already been observed in 229 Th [14] .
In this work enhanced B(E1) rates in 231 Ac are found for the 77. 17 To ease the comparison of E1 strength over a wide range of nuclei, we use the definition of the intrinsic dipole moment D 0 , which removes the spin dependence of the B(E1) rates. Assuming a strong coupling limit and an axial shape of the nucleus, D 0 is defined for K different from 1/2 via the rotational formula,
One should stress that the |D 0 | moment is used in this case as a convenient parameter for inter-comparison, although this rotational formula may not be strictly applicable for an octupole transitional nucleus.
The |D 0 | values have been calculated for the K π =3/2 ± bands in 231 Ac, for which experimental information exists. The values are compiled in Table 5 and compared to those obtained for the nearby nuclei 227 Fr and 227 Ac. As stated before, the enhancement of the B(E1) transition for K π =3/2 ± partner bands is larger in the region than for other partner bands. An average value of |D 0 |= 0.044(4) e·fm is obtained for the 3/2 ± with band heads at 116 and 238 keV, and for the 3/2 ± bands at 266.8 and 61.7 keV we get |D 0 |= 0.035(3) e·fm. These values are higher than those obtained for the lighter 227 Ac isotope and slightly lower than the value for the 2.0 and 267.0 keV partner bands in 227 Fr. Note that |D 0 | values of 0.077(3) e·fm (on average) were obtained in [14] for the E1 transitions connecting the K π =3/2 ± parity partner bands in 229 Th with band heads at 0.0035 and 164.5 keV.
The effect of the enhancement of the E1 transition rates in 231 Ac seems to be still perceptible and this may reveal the presence of weak octupole correlations in this transitional nucleus.
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Our study has been focused on the properties of the low energy states in 231 Ac in a search for octupole correlations in this nucleus. The level scheme of 231 Ac has been determined from γ and e − singles as well as γ-γ and e − -γ coincidences. More than 100 γ lines have been assigned to the decay scheme. The multipolarity of 28 transitions has been experimentally established. This has allowed to determine the parity of many levels. This study represents the first decay scheme obtained for 231 Ra and enriches the known levels in 231 Ac. We have identified up to a total of 30 new levels and assigned possible spin and parities for 21 of them. The Advanced Time-Delayed βγγ(t) method was applied to measure lifetimes of several states in 231 Ac. Some particularly fast E1 transitions have been observed indicating that the octupole effects although weak still persist in this nucleus.
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